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Introduction

Evolving power conditioning system requirements in
the areas of magnetic confinement fusion, inertial con-
finement fueion, molec,.llar laaer isotope separation,
particle beam technology, radar, communications, and
medical electronics will place severe demands upon re-
petitive pulse-power system eouiponenta. Currently, a
prin:ipnl pacing ayatem component in high reliability
repetitive pulse power technology in the energy storagw
capacitor. Limited resources are being focused on un-
derstanding the physical and techr,ological problems
associated with extending lifetimes, reliabilities and
energy densities of repetitive, high energy dcnaity
pulse discharge capacitor, Burst mode engineering
development efforts in induutry have produced highly
refined, reliable capacitor for specific applications.
The accpe of theoe efforta, however, have not Permitted
the ext~naive R&D necessary to generate a comprehen~ive
data base that encompasses the anticipated broad spec-
trum of operational requirementti for continuous duLy,
repetitively operated pulse discharge capacitors, The
preacnt knowludge baae on power capacitor cons iat~ of
recent burnt mode data piu~ a detailed rrmcroncopic en-
gineering datn baae on the capabilities nnd limitutiona
of 60-Hz powej factor correction and single-shot puluc
diachur~,~ applications, created over the paot 70 yearn
by Lhc capacitor manufacturing industry. Burnt mode
data from Industryl,z, and multi-kilohertz testing

activities at Los Alamoal have shown that this highly
refinad lifetime and reliability data do noL neceaaar-
ily scale to r{>pcLi:ive operation. Development proj-
ects may take 2 to 5 yeara to complete ao efforLM
should begin now to ncquire the capnbilitieo necessary
for the deaigo ono fabrication of the repetitive power
Capacitors that will be needed it! future techno]ogieb.

~waQ}&ctiy ~~~j~c~.

A joint prucram for the rwnearch #nd development
of repetitively operate,~, PU1OC discharge rm~rgy stor-
a&u cnpacitora hut been initi~ted at the Lon Alanos ●nd
Sandia Nationul Laboralorir?a. The purpose of this ac-
tivity is to crealu tho knowlcdgr beae reqiljrcd in lhu
dr~i);n and fabrication of ultimate performuncl,, mnte-
rinls-limitvd, multi-kilojoule rapacitorn thot arc ccJn-
tinuolln)y opt,rnblc to ](JO IIz with Iifetimoo approi!chink

IC’’-IO’ c!hnixe-dinchnrg~ cyrleu PL 99,99% rolihbility.
Tho pio,j~ct ripptoncll tu the drwelopment of practical
repetitive puiun Powl.r c ipocitors and tho acquin)tioit
of n cotuplctu, dwttiiIwd, undcrulanding cf their chu;nc-
torlnti.cn in anticipalod to evolve ma ●n intv:nctivu
mrd itcrntivu comhin~t ion of thu follwiny, projtct com-
pnnenlu:

0

tJ

0

it,ilinl snl~ct ien of pr(JtLIt)’pll cnpacitnr duui~un,
bnaod UIJOU Lh& t,xpvrivncvn IN cspaviior deui~[l iIIId

fabrication al Sttndia nnd in indu~try;

implementation of de ptrl{al dlncharE~, experimmntn
contrivnd to dovwlop nn undormtanding of tl,o mcch#u-
inma involved in the duxradatiou nf’ laminnr d\elI*c-
tric ayntoma caurn~ci by internal partihl diachar&tt

●ctivity; to idunlifj a currrlalion Irmtweon dc par-
tial dlachnrRc analynis and ropotitlv~ pulor dic-
char~e lifotimt$a au nutld~atructivo trot acroett~ can
be d~finnd;

doploymont of oxtonniva rs;,t,t)tivt, npvr~.luu lif~
t?nting axftnrimavltn and lhe flcquir ition rJf dtitn auf-
ficirnl lU nlatiatictlly charnctrrize Iilt,t ime an a

o

function of electrical ntreaaea, including repetition
rate;

development of mathematical and physical models from

the lifetims data; i.e., the characterization of ca-
pacitor life aa a function of the pertinent operating
atreaaes and d+aign pnrametera, including verifica-
tion of any postulated ectrling relationa or model
extrapolations; and

o analyaia of teat reaulta to develop a detailed under-
standing of the major failure mechaniama @o design
improvements can be implemented.

Currently, the dominant ●nergy density/lifetime
limiting mechanism in spirally-wound, liquid impreg-
nated, high euergy density capacitor are almoat cer-
tainly a direct result of internal partiul discharge
phenomena, either in the bulk of the dielectric or at
the foil edges. The ini:ial objective of this ,oint
reacnrch nnd development program ie to characterize,
understand, and eliminate the cauaea or ●ffects of
the6e partial diacharge6 ao other, aeco,td order effects
can be identified and studied. The activity is titruc-
tured into five distinct but interactive components:

o design and fabrication of prototype teat capacitor;

o dc partial discharge analyaie;

o repetitive charge-discharge life tecting;

o theoretical and experimental anulyais; and

o computer ❑odeling,

A brief overview of each of theee program elemQnLa in
pr~scnted below.

MQMM.D* and FIIM.xJW.
The rxtenaive experience aud expertioe developed

●t Sandia ill the ereaa of capacitor design, precioion
fabrication, and theoretical/experime.~tal analyaia com-
plemmrto and reinforces the tenting ●nd ●nalynis capa-
hiliti@a at LOIIAlanroa. Sandia haa developod ● highly
refined spirally-wound capacitor fabrication tcchnolofiy
thnt includon ultru-precinion, dust-free winding ma-
chinery; high purity, ri~oroua vacuum imprt,gtmtion
prtjceabeu; ●nd unique CapaCiLOr dtwignm ●nd construc-
tion tcchniquea, Thiu fncility in capnhlc of pruducill~,
near mnluriala-limit~d, praciaion-t’abtlcatrd, oxpori-
molttal-~tiade prototype capacitor in n wido varivty uf
d~ui~n configurat,iona and sia?n for teat And evalua-
tion.

~r?tltlve Chnr&c-Dlnchnr-e Life Temting

A .lOil-kW, l-kllz rapnuitor modu]ntur in mdr.r con-
ntuctiotl at Los AlamoII and ia acllodu led LO bo~um~l opvr -

●liottnl it) 19H2, Thu modultitor ia dcaignpd for nlilli -
aocund ro~nnnnt command charge, 100na critically Jnmpod
t4C ~ummand dincha~uo, and in confikur~d to tent sevural

prulotypc Capacituro aimultanoourly. TIIO facility wili
ho equil)pvd with @xtrnnivo dio~nusticc no all electri-

cal and onvirunmuntol atrpaa parampteru CM bo accu-
rately muanurud and an (mbet’din~ mtl of life of a
sample can be detacted prior to calaatrophir failutt~,4

PL1’m.hJ-uJ&t!o rJ&Al@&e.h
A high porformnnco de partial dimrhnlgo anulyr.or

(I’DA) tynlwm hao been acquit~d from thp Jtanoo t). IIIddlp
Compnl\y. The ayntom cnnaista of ● low I}oian, hi~h
vullti~v dc oower cupply, n v~ry ~onoitiv~ partial di~..
charge detector and display coupleII to a v~rantile
Mulli-chnntl@l analycpr with diskctto atoragr and com-

puter 1/0 capabilities. Ultimate detection sensitivity



of the PDA Sy6LCM is better than O.O!L PC. The PDA is

baing used to quantitively determine the corona incep-

tion characterifitics of elementary foil-edge configura-

tions in high purity, degasified liquid impregnantfi.
In addition, pulse height analyais (counts va pC) and

multichannel scaling (counts va time) of the partial

discharge activit; in prototype capacitors are being
recordud prior to life teeting. Correlation triala

will be attempted between :l,e~e data and the liietime~

exhibited during repetitive, ch.crge-discharge teati,>g.

Theoretical Analysis
Me~nni6ms that uccount for significant lifetime

nnd performance degradation will be ide!lLified, ana-

lyzed and under~tood ao their cnuaea or effecls can be
eliminnteo. This may involve sevcrnl diaciplinea in

the physical and engineering sciences. The rechn:cal

refiourcea of a national laboratory environment can be

efficiently mntrizrcd ao the state-of-the-art in any
~cicntific discipline cnn be q..ickly focu~ed on a theo-

retical or developmental problem area.

~~moAQXUl
IIodoling of tile electric field nt tl]c foil edges

nnd in the m.~rgins of eicmentary, sprially-wound cJ-

paciitor atructllrca i: undrrwoy. Thcbc models arc
computer gcncralcrl by numerically t!olvinfi the 2-Jimcnfi-

iorml Laplacian over rcgion~ of inLcr, St and dr~cribc
va:iou6 foil-edge ahapc~, dielrcLri.s ond ircprcF,nantB.

Roccnt fuil-ed~ti p~lliul diBcl]~rp,f cx{,(,cim,:,ls IIIIVP in-

dicntrd that apace ch~r!;c cnn6idcrcItiunH ncnr the foil

ed~vs musr bc includcri in LIICBP mociclfi; r.ffcwt$ arr
currrntly in proCross to understand this much~nism su

r,lore npproi,riiltc models can be syntlleeizcd,

~otspt~ c~pacil~r Dcai~n

Anolys ifi nnd refint, w!ul of Lh!a ;,t?rformn!lrr of ct,ll -

vcllt icll~l, liqiliJ-in,pr(~I1i!L(,(l, opirully-w~,~lv[! plustic

film nrd foil c~~lliijillruLionB ~Iill bc ul)dr,ulakcn. TIICLU
eftortb will initiully bc conc II II LIal IId (III uliminlltil)f,

lhc cffcctfi or cmIsI:j uf intcrnti] pnrl i{[l ~!i}.cllar~,,!,s,
Rcf lnuncnl~ ill !I,,hil:l] ;II, d f;Ib I 1.,,1 illll ($vcr rnnvcallLl(>n-

81, indu~trifll mr,Ll, (,d! n!,, oll~i,il(ll,d 1( I ha, In 111(,

nr18nB or:

o optimum mnl(,riul~ r,ll lht, di(,]~cll ii ond iml!]’()~nnlll :

0 tl]Lril-l~rr,cLsit>l], wri!]}, l!, -fr,, ~,, c~![llr[,]li,d-L[,ll#lc!ll
windln~;

[, hi~, h I)llrity, rif,!,r{,ll~ v~lc!lun} II UIIII; aI i!, n;

nomena because it occurs in regiona difficult to imp-

regn~te and has been observed to cau6e bulk-dielectric
punch-through prior to foil-cage PD failure, even

though occurrence ia in a region of relatively low e-

lectric field streaa compared to the foil edges, Pre-

sent qualitative experiments on voltage punch-through

of liquid-impregnated plastic film dielectrics have
demon~trated that bulk-dielectric PD activity increasea

from eaeentially zero to very hibh count rates and

magnitude in a time frame of 0.1 to 1 a prior to
failure. The probable causes are of bulk-dielectric PD
are:

0

0

0

0

0

inadequate impregnation allowing dry, gaseous

inclu~iona to remain in the regions between the

foils;

trappped voida, open Vo:ds, inclu~ions and anomalous

inhumogeneities in the solid dielectric;

cavitul ion of the liquid impregnant by electrn-

mcchanictil shock in LII? dielectric during pulse dis-

charge (or pulse charge);

inndcquatc degaaificulion of the liquid irn-
prc&nanL allowLng ad~orbud gusfiea and moi~turr LO

condendc out of solution; and

]UOSC parliculatcn trapped in Lhc Iiyerfi of Lhe

111! t181u,tli [01, ,1,, I,,;,IW, 11,, Iii):1,1,1,”-it)’. T1.i

It,l{,l I(IIIHIIIII (I! Il\i ~ dVl,IIIrdVIII Y Ii,IH 111,1 ~111 1,,,,.,,
ll’lllr, d, IX I, I, II 1111>111III d{llfl nhtlwlllj’, lIIIP ]I,H\l]l is

lIIIlt, d III tl~. ] I(II II #illr,l,L fOIl I,JXII 11,()-III.

11,111’th) (l,lj,I(.1111 1,, ,1 ~,r,lulld l,ltill{~, @,11,m, IL, .J I,y

Ill, I’l:ltll IL I i lm dlld Il,lplur,lllllr,l Ilil,ll.1 ,Il,llllm Ml’

~111, md I.11111, 11-lDiIbt, Ittattfll{rmt,l (II], A ,!ry mirn

[lil Lltk>l w~lh ftbtlnd 1,1 (I Mt, lbI! 1111, h~,ll,. I,,IJ,III , <,,
1111 I’IJ (I!livlly uiIn nll:nili~m)l Iy ll!,fill~,rm ‘1111-
Mllobll Ill Fl y,, ),



,“.

I
COULltE

I
—t

8 min – .

v}

o

FIR. 1.

I
couIlts

I

v

I

h ‘:rl__..t
Part 1 dlfChBrge countc VE time for a l-itI.

foil r~e as n function of npplierl voltage.

Fig. 3. Sandl~ cnpr+cltor assr,mbly,

—. -— --——3(I HPC ———-

.,.

h
L_.-l-...___....... .... .. .. ..---------

Flu.. .’.

t

t

t

t

Pnrtinl dirrhnrve coun+.r vr tlm(’ ff’r II dry-

micn rnpnritc)r nil n fulleti(l) 0!’ mIpllr(l vt~l-
tw:,l,

ylt~n-prec~sion, C~nLr,,]]ed Tun~jo_n Windg~

This machi,)c (Fig. 4) hus the c~!pability to wir.d

❑llitilaycr turnk of rullable diulrctric and foil ontn o

rnpool such thaL PrIch loyr!r hafi a wti)d,,r Lo]l>rancc of
lens *ban 0.005 in. Precision illatrumcnt bcurings ar~

usrd on FI1l rollers and tl)e ponil ion of each lnycr as

iL in frd OnLO Lhc capacitor spuol is controlled by

prccifiti mechrcnical alignmc,nL. The tcnnion of each layer

is controlled by clcclric motor torqur applied LO Lhc
feud rollers, An ollxiliary ntairrleua steel roller OII-

plica a folcc to ench lnycr orthogonal to :he fucd d;-
rcction and Lnlibrntud force Lrun~ducora on thusc

rulluru contiuuou~]y monitor tho winding lcnaion. TIIC

crctollic riurfacua of thear auxiliary rollers ansi~l i),

dia~ipnting clcctruRLatic cil~lrgc thnt would ot11crwi6c

ll)Lcrfer@ with the prrcinioll with which math Iny@r cm)

bc loc~tcd 011 the cnpncitor spool, Film or foil layrrs
do not alidr ovur felt potriLioucrn, aH iu cummuli

prmcLicc in commurciol Villdcrti, UO no fe]t par(lclc$
art, wound into LIII: rlielccLric ayULC)m. The winding

oprratiun i:~ purformed in n pLrniLivc presauru, ClCJIII-

ruum rnvironmrnt and duril particle conLaruinut ion i~ rr-

ducc,o to an nla~lutc minimum, ]L hn.q been Ctinc(,vrrrd

thal n relaLivcly 100SV, conLrullcd tcnnion during Lhr
winding oprrntiun l.i&nificunL]y incrcaseu tilr mt,dll din-

chuILI, lift, of lmpru~nnlcd ~’indilly,~, allrf lhnt IIIC
nprcad ill thr bruakdown voltnr,r [rem winrlinij 10 windint:
it rcduccd. lIIU reducl, d vindiny l~uniui! [nrililo L:, n

LIIC vncuum iml,rcj;n{ll irrll Itrc,crJI:n ht,rtlukc R,InetIu H in-

cluiliunn I,vtvrun l~yuru nru rnorc rncily dlkplric,.d by
tht, liquid imprr~nlllll .

j~l y.rt rv~ j.n~.J’~ o_cJIf-~
A uniq\lv m(,ltlo~l for rru,kili~! olv{tricil! rol]llvcliolln

to tllc OXIVIICII, CI. fuil (,dy,e~ LIf n wl:l(lillj,, lIil R bVL, II tll]t~un

10 niy,nilicalltly inrrcnnc$ I]IC mf,cllilnll,lll find olt, cLritil]

illlor, riLy of thin difficult fnhrirnliull prohlm, A
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Fig, b. Snnlia precifilon vlnditrg machine.

0 very low viscosity and interracial tension that

facilitate impregnation and degasification;

o very high thin-film voltage breakdon strength;

o very low dielectric losses , even at high frequencies;

o high heat of vaporization and low boiling temperature

that inhibit and quench partial discharge inception
and pyrolyoia; and

o low hydroscopic activity.

Because of the low dielectric 10SB and high voltage

breakdom strength of perfluorocarbonfl, this component

or a dielectric ayatem can be stressed by much higher

electric fields than conventional impregnation fluids.
The relative dielectric constant (fr) of perfluoro-

carbona ia 1.7 - 2,0; for ❑eet plastics, fr > 2.0,
For a plastic film/perfluorocarbon cumposite, the
electric field tends to be higher in the fluid than in
the EOlld. Because high purity, degasued perfluoro-

carbnrrn strongly inhibit and quench PD activity and, in

thin films, exhibii voltage breakdown strengths greater

than plastics, the degrading effects couned by open

voids in plastic film are nullified in the presence of
Lhe6e fluids.

ExpanEinn Bellows control of C08e pre66Ure...-
Perfluorocarbon fluids hnvc~elacively large

tempel-uturc cocfficientu of expunnion. To prevent tem-
peraLure-induced, high intcrcal prrssures that xL,pture

the completely filled and sealed case, rI thin-metal
bellows ib inaertcd in the axial hole through the
cc’nLcr of the wiudings. Prior to the sealing pru-
CCMSC9, the bcllow8 im compreuaed to onc-llnlf of 1L6

]en);lh aL STP by prcn.suring the liquid impregnant. The
case is then aeuled by crimping and ultrasonic wcldin);
of t,lIu filicr tube. AfLer scaling, the beiluws prfi-
vcnLs hydrostatic lock, mainLuins a po6itivc inLcrnul
Lnsc prcsuurc (47 psiu) that effccta a continuous, lonE-
Lf!rm in1pzcgnuLi6n of the windings, and prcvrllLa dc-

im\)r14gnnLio,l cauacd by mecl)anical forces aaaociatcd

wi~ll rcl)uilLcd charge-di~chargr cyclin~.
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